Abstract We continuously receive the external information from multiple sensors simultaneously. The brain must judge a source event of these sensory informations and integrate them. It is thought that judging the simultaneity of such multisensory stimuli is an important cue when we discriminate whether the stimuli are derived from one event or not. Although previous studies have investigated the correspondence between an auditory-visual (AV) simultaneity perceptions and the neural responses, there are still few studies of this. Electrophysiological studies have reported that ongoing oscillations in human cortex affect perception. Especially, the phase resetting of ongoing oscillations has been examined as it plays an important role in multisensory integration. The aim of this study was to investigate the relationship of phase resetting for the judgment of AV simultaneity judgement tasks. The subjects were successively presented with auditory and visual stimuli with intervals that were controlled as SOA 50% and they were asked to report whether they perceived them simultaneously or not. We investigated the effects of the phase of ongoing oscillations on simultaneity judgments with AV stimuli with SOAs in which the detection rate of asynchrony was 50 %. It was found that phase resetting at the beta frequency band in the brain area that related to the modality of the following stimulus occurred after preceding stimulus onset only when the subjects perceived AV stimuli as simultaneous. This result suggested that beta phase resetting occurred in areas that are related to the subsequent stimulus, supporting perception multisensory stimuli as simultaneous.
Introduction
When a falling cup smashes on the floor and simultaneously emits a breaking sound, humans generally receive multisensory inputs from the single event. The brain aims to explain which event generates each type of sensory information and integrate them in an appropriate manner in order to construct unified recognition. It is thought that judging the simultaneity of such multisensory stimuli is an important cue when we discriminate whether the stimuli are derived from one event or not. In addition, it is a common hypothesis that the perception of simultaneity depends on the temporal differences of the onsets of the stimuli, which is called stimulus onset asynchrony (SOA) .
In psychological studies, it is known that the detection rates of asynchrony are plotted in a psychometric curve that is related to SOA in auditory-visual (AV) simultaneity judgment tasks (AV SJ task) (Stone et al. 2001; Vroomen and Keetels 2010) . The AV SJ task is a psychological experiment in which auditory and visual stimuli with various SOAs are presented to subjects. In this task, subjects are asked whether they perceive the stimuli as simultaneously presented or not. It is known that SOA 50% exists in which the judgment rate of asynchrony is 50 % even though the stimuli are presented with a constant physical time difference. This indicates that subjective simultaneity judgment is influenced by external factors and the internal states of the subjects. Bushara et al. (2001) have revealed correlations between SOA lengths and post stimulus activations in the right insula by positron emission tomography. In addition, Franciotti et al. (2011) have indicated that the latencies of magnetoencephalogram responses in the auditory cortex after auditory stimuli correlate with the detection rates of asynchrony. Although these studies have investigated the correspondence between AV simultaneity perceptions and the neural responses, there are still few studies of this.
In electrophysiological studies, it has been reported that ongoing oscillations in human cortex affect perception (Babiloni et al. 2006; Hanslmayr et al. 2007; Romei et al. 2010) . In addition to oscillatory amplitude, its phase is involved in visual processing (VanRullen and Koch 2003; Busch et al. 2009; Mathewson et al. 2009; Dugue et al. 2011) . Especially, the phase resetting of ongoing oscillations has been examined as it plays an important role in multisensory integration. This is a phenomenon in which the oscillations in a certain sensory cortex are reorganized into a particular phase by a sensory input. The phase resetting is induced by not only a preferred stimulus but also by another modality stimulus. It has been reported that a sensory input to the somatosensory cortex resets the phase of oscillations in the auditory cortex and amplifies neuronal responses to the auditory stimulus ). Recent studies in primates have described that the phase reset is bidirectional and is both AV and visual-auditory (VA) (Kayser et al. 2008; Lakatos et al. 2009 ). These findings implicate that the phase resetting that is induced in the sensory area, which does not concern the modality of the input stimulus, plays a profound role in multisensory interaction.
The aim of this study was to investigate the relationship of phase resetting for the judgment of an AV SJ task. In this study, the subjects were successively presented with auditory and visual stimuli with intervals that were controlled as SOA 50% and they were asked to report whether they perceived them simultaneously or not. Electroencephalography (EEG) signals were recorded from the subjects, and the phase resetting of EEG oscillations was analyzed by Intertrial Coherence (ITC).
Materials and methods

Subjects
Fifteen healthy males with ages of 20-24 years [mean AE standard deviation (SD) age, 22.2 AE 2.2] participated in this study. All participants gave their written informed consent. They were all right-handed and had normal hearing and normal or corrected-normal vision. The data of fourteen subjects out of the participants were analyzed because the EEG data of one subject could not be used because of artifacts.
Stimuli
For the auditory stimulus, a pure 2000 Hz pip tone with a 10 ms duration was presented binaurally through earphones (G051; Daiso industry). The intensity of the auditory stimulus was loud enough to be heard (sound pressure level, 61 dB). The visual stimulus consisted of a white ring flash subtending 3.8°in the visual angle that was 4 cm in diameter and that was presented on a black background for 16 ms. A white fixation cross was continuously displayed on the center of the screen. These visual presentation were conducted through the display (DELL P1137; refresh rate, 60 Hz) at a distance of 60 cm from the subjects. During the experiment, the course of events was controlled by the psychophysics Toolbox on MATLAB R2010b.
EEG recordings
The electrophysiological data were recorded by electroencephalography machine (EEG-1200; Nihon Kohden Corporation, Tokyo, Japan) containing 57 electrodes. The electrode layout was modified from the 10-20 system, and reference electrodes were attached to both earlobes. The data were recorded with a sampling rate of 500 Hz. Electrode impedances were kept at \10 kX. Vertical and horizontal electrooculograms were simultaneously recorded.
Task procedure
Subjects performed the AV SJ task (Fig. 1 ) in a silent and dimly lit room that was surrounded by an electrical shield. Hereafter, the case in which the auditory stimulus was presented first is the AV condition, and the converse is the VA condition. The procedure of the AV SJ task was as follows.
1. A fixation point was presented on the center of the screen. 2. After a random duration between 1,500 and 2,500 ms, the pip tone and the ring flash were presented with SOA. 3. After 1,000 ms, the judge screen was displayed. Then the subjects reported whether they perceived them as simultaneous ('' Yes'') or not (''No'') by pressing one of the two buttons with their right index or middle finger. The direction of the ''Yes'' button was to the left from subjects 1-8. After subject 9, the direction was reversed. 4. After the subject's response, the black screen was presented for 1,000 ms as an intertrial interval. Then, one trial was over.
In this experiment, 1 block consisted of 60 trials. Rest was provided to the subjects after completion of a block, and it was finished by pressing an arbitrary button.
Preliminary experiment
For the SOA 50% titration, we conducted a preliminary experiment before the start of the EEG session. The procedure of this session was the same as that shown in Fig. 1 . Auditory and visual stimuli were presented with an SOA that was randomly selected from 12 different SOAs (16, 60, 120, 180, 240 , or 300 ms for each AV and VA condition). The preliminary experiment consisted of 3 blocks for a total of 15 trials per SOA. At the end of the session, psychometric curves of the detection rate of asynchrony were estimated for each condition. Then, the SOA 50% and the SOA 95% of each subject were determined. The SOA 95% was the SOA rate in which the subject felt that nonsimultaneity became 95 %. For psychometric curves fitting and estimation, we used generalized linear model functions in Matlab.
Main experiment
In the EEG session, we adopted an SOA that was randomly selected for each trial of the AV SJ task (six options for SOA: 16 ms, SOA 50% and SOA 95% for each AV and VA condition). The SOA of 16 ms and SOA 95% were used to prevent adaptation to the SOA (Fujisaki et al. 2004 ) and for a catch trial. This session consisted of 6 blocks for a total of 360 trials. SOA 50% was presented for 90 trials for each AV and VA condition, and the other 180 trials were divided equally among the other SOAs.
Data analysis
We used Matlab R2010b (The MathWorks, Inc., Natick, MA, USA) for the data analysis. The Electrophysiological data for the SOA 50% trial were classified by the conditions and the responses of the subject: AV-YES, AV-NO, VA-YES, or VA-NO. An automatic artifact rejection excluded trials in which the EEG signal exceeded 100lV. A wavelet transform from 1 to 50 Hz in steps of 0.5 Hz was applied to each data point (Torrence and Compo 1998; Le Van Quyen and Bragin 2007) . The parameter of f =r f was 6.
In order to evaluate the phase properties, we calculated the ITC of each AV-YES, AV-NO, VA-YES, and VA-NO condition (Busch et al. 2009 ).
N is the number of trials, and /ðt; f Þ is the phase at time t and frequency f. ITC indicates the phase concentration among all of the trials. The value of 1 indicates perfect phase locking, while 0 indicates random phase distribution.
We used the t test in the statistics toolbox in Matlab as the statistical test of these values. And we adopted the FDR method (Benjamini and Hochberg 1995) for multiple comparisons. Before the statistical analysis, the wavelet amplitude and the ITC data were normalized. The baseline for normalization and plotting was the average of the 300 ms EEG data whose variance was the minimum within the intertrial interval.
Results
Behavioral data
For the preliminary experiment, the mean ± SD SOA 50% for all of the subjects was 165:1 AE 48:6 ms in the AV condition and 146:2 AE 56:2 ms in the VA condition.
In the EEG session, the mean detection rates for all of the subjects at SOA 50% became 40:5 AE 16:3 % for the AV condition, and 53:2 AE 23:5 % for the VA condition. These values were consistent with those of previous studies (Fujisaki et al. 2004; Zampini et al. 2005 ). The detection rates of asynchrony were increased according to the length of the SOA (Fig. 2) . The statistical test showed significant differences between all of the combinations of detection rates in the respective conditions (p \ 0.01). Hence, it was thought that the subjects did not press the buttons at random but did so according to their perception of simultaneity.
Under the SOA 50% condition, we would like to emphasize that the simultaneity perception is not decisive but rather fluctuating. Our aim is to clarify the EEG state, which will affect the discrimination of subtle simultaneity. Although the mean asynchrony detection 40 % for AV, deviated from 50 %, may possibly affect EEG data, most data which reflect the behavior will not be affected. This is because behaviorally the detection rate in SOA 50% significantly differs from 16ms and SOA95 %, respectively.
ITC enhancement with simultaneity perception
In order to focus on the activity that was evoked by the visual and auditory stimuli, we determined the following regions of interest (ROI). The auditory ROI covered the electrodes on the central area of the scalp (FC1, FC2, FCz, C1, C2 and Cz) and the visual ROI was located in the Cogn Neurodyn (2015) 9:487-493 489 occipital area (PO3, PO4, POz, O1, O2 and Oz). In Fig. 3 , ITC enhancements were observed in a wide frequency band after onset of the preceding stimulus in both conditions regardless of the subject's perception. In order to investigate the ITC modulations that were purely induced by the preceding stimulus, the time averaged ITC values were compared. The right panels in Fig. 3 show the prestimulus ITC, which was time averaged from -100 to 0 ms (blue line), and the poststimulus ITCs, which was time averaged from 0 to 100 ms (red line). The red bars on the right edge indicate that the poststimulus ITC was significantly larger than the prestimulus ITC. As shown in Fig. 3 , we found significant ITC modulations for the time averaged ITCs before and after the prestimulus and the poststimulus periods. Since there are only three SOA 50% values\100 ms and the smallest is 83.4 ms (Table 1) , the data during 0-100 ms period in Fig. 3 are hardly affected by the second stimulus. We searched for perception specific ITC modulations that were common to both the AV and the VA conditions and observed that the beta band of the poststimulus ITCs in the ROIs that were related to the following stimuli were significantly enhanced only when the subjects responded ''YES'' (Fig. 3) . In Fig. 4 , the ITC increase of the beta frequency band is displayed topographically. The beta ITC increase was seen in a large brain area that include the visual ROI in the AV-YES condition. In the VA-YES condition, the ITC was enhanced in the frontocentral region, which included the auditory ROI. However, such an ITC increase did not appear in both the AV-NO and VA- Fig. 2 The asynchrony detection rates in each stimulus onset asynchrony (SOA) in the main experiment. The bar shows the standard deviation (SD). '*' Indicates significance, ***p \ 0.001; **p \ 0.01 Fig. 3 Colormaps showing the time-frequency plots of the intertrial coherence (ITC). 0 ms is the stimulus onset. Baseline was subtracted and the value was averaged across all subjects and the electrodes of each auditory and visual region of interest (ROI). The auditory ROI contains FC1, FC2, FCz, C1, C2 and Cz, and the visual ROI contains PO3, PO4, POz, O1, O2 and Oz. The line plots on the right of the colormaps are the time-averages of the pre-and poststimulus ITC. The blue line is the ITC that was averaged from -100 to 0 ms (prestimulus), and the red line is from 0 to 100 ms (poststimulus). The red bar indicates significant enhancement of the poststimulus ITC compared to the prestimulus (p\0.05). The conditions and responses of the subjects are horizontally organized. The upper line shows the auditory ROI and the lower is the visual ROI. The box surrounds the poststimulus ITC modulation in the beta frequency band (15) (16) (17) (18) (19) (20) NO conditions. In ERP analysis, significant differences between Yes and No for simultaneity were not observed (results are not shown in the paper). Thus, this coherence cannot be captured by ERP, but ITC especially.
Wavelet amplitude modulation accompanied with a beta ITC increase
Previous studies have argued that phase resetting in the true sense is not accompanied by change in power. In order to test the poststimulus modulation of the beta band power, we also checked the wavelet amplitude at the same timefrequency section as shown in Fig. 4 . The results are shown in Fig. 5 . In the AV condition, there was no significance in the visual ROI (p[0.2), though power enhancements were observed at several electrodes in the frontal and central areas in both ''YES'' and ''NO''. In the VA condition, no electrode in the auditory ROI showed significant similarly (p[0.2). Thus, the beta ITC increment that occurred in the ROI of the modality of the second stimulus was not accompanied by power modulation.
Beta ITC comparison between simultaneity and nonsimultaneity
In Fig. 4 , the characteristic significant enhancement of ITC in the beta frequency band is shown only when the subject judged ''Yes''. In order to confirm that the value of ITC had difference between ''Yes'' and ''No'' in each condition, we tested the poststimulus ITC (Fig. 6) . As a result, many electrodes in a large area including the visual and auditory ROI had greater ITC values in AV-YES than in AV-NO (p \ 0.01). Similarly, electrodes in the auditory ROI showed a significant difference between VA-YES and VA-NO (p \ 0.01). Thus, the beta band ITC in the brain areas that preferred the following stimulus was significantly enhanced when the subjects perceived simultaneity compared to when the subjects did not.
Discussions
We assume that the perception of simultaneity should reflect a common cortical state under every stimulus condition such as AV or VA. From this viewpoint for simultaneity perception, we should note that ITC increased in visual ROI immediately after auditory stimulus in AV condition while it symmetrically increased in auditory ROI immediately after visual stimulus in VA condition. Although the ITC enhancement in auditory ROI in AV condition may also affect simultaneity perception, we cannot exclude the possibility of side effects observed only in the AV condition because it is not the case with VA conditions. On the other hand, in visual ROI of VA, we observed ITC increase for simultaneity around t = 200 ms period, that may include both effects of the stimuli. Thus we cannot decide whether this reflects mainly auditory stimulus or both stimuli. If the auditory stimulus is the main cause, it may be possible to assume that delayed phase resetting occurs in visual ROI by the auditory stimulus. However, this hypothesis cannot be proved by the present study.
In both the AV and the VA conditions, a high coherence of phase was observed in the brain regions that correlated to the second stimulus modalities when the subjects perceived that the auditory and visual stimuli were simultaneous. In addition, the wavelet amplitude was significantly enhanced in the fronto-central brain area only in the AV condition. The label number indicates a subject ITC enhancement by the preceding stimulus ITC enhancements that are induced by sensory stimuli have been interpreted as phase resetting in previous studies. However, ITC increases that were accompanied by oscillatory power enhancements have not been considered modulatory responses but evoked responses (Lakatos et al. 2009 ). In the present results, the beta phase resets in the brain areas that preferred the modality of the following stimulus were not accompanied by oscillatory power modulations. Thus, it was thought that pure beta phase resetting occurred by the preceding stimulus in the area that related to the modality of the following stimulus only when the subjects perceived AV stimuli as simultaneous regardless of the stimulus order.
The effect of phase reset on simultaneity judgment
Previous studies have suggested that phase reset has modulatory effects on the states of the sensory cortices (Lakatos et al. 2009 ). Lakatos et al. (2007) and Naue et al. (2011) have shown that neuronal responses for the following preferred stimulus were enhanced when the phase resetting in the sensory cortex had been caused by the preceding stimulus of the nonpreferred modality. Actually, Busch et al. (2009) and Dugue et al. (2011) have shown that the phase of the ongoing oscillation affects human perception. Thus, it is thought that the process of perception may be affected by the phases that are modulated by the previous sensory inputs. The present study demonstrated that the phase coherence in the beta frequency band after the preceding stimulus was significantly higher when the subject's perception was of simultaneity than when it was asynchronous. Previous studies have also suggested that the beta frequency band plays an important role in multisensory integration (Sakowitz et al. 2005; Senkowski et al. 2006; Keil et al. 2012) . Naue et al. (2011) have shown that the power modulation of the beta frequency band in the visual area varied with SOAs between the preceding auditory stimulus and the subsequent visual stimulus. The beta frequency band relates to AV integration of asynchronous stimuli. If it is true, it is thought that the beta phase resetting that is induced by the preceding stimulus affects the nervous simultaneity judgment on SOA 50% . A conceivable hypothesis about how phase resetting affects simultaneity judgment is that it modulates the state of oscillation in the reset area (Lakatos et al. 2009 ). The mutual influence of two oscillators may depend on their phase states (for example, Fries 2005) . If the oscillatory cortices in auditory (visual) regions become coherent accompanied by the phase resetting by the visual (auditory) stimulus, auditory and visual information would be immediately integrated at the moment when the second stimulus is input. Hence the subject may feel the inputs to be simultaneous.
Alhough these discussions are conceivable, ITC enhancement in fronto-central scalp areas was observed in the AV-YES condition. The possibility that phase resetting in the frontocentral area affected AV SJ cannot be ruled out. However, ITC increments at frontocentral areas in the AV-YES condition were accompanied by wavelet power enhancements (see Fig. 5 ). A previous study has shown that auditory stimuli evoke beta activity in the frontocentral area (Haenschel et al. 2000) . It is thought that ITC enhancements at the frontocentral area in the AV-YES condition might include evoked responses. Fig. 5 The topography of the wavelet amplitude modulation by the first stimulus. The compared time-frequency section is the same as that in Fig. 4 (0-100 ms vs. -100 to 0 ms of 15-20 Hz). There were few black rings indicating a significant increased amplitude (p\0.05) even without FDR correction Fig. 6 The difference of the beta ITC in the poststimulus period between ''Yes' [15] [16] [17] [18] [19] [20] . The left topography is the AV condition, and the right is VA. The black ring shows the electrode that had a greater ITC value in ''Yes'' than in ''No'' (p \ 0.05) 
Conclusion
In the present study, we investigated the effects of the phase of ongoing oscillations on simultaneity judgments with AV stimuli with SOAs in which the detection rate of asynchrony was 50 %. Our results showed that phase resetting at the beta frequency band in the brain area that related to the modality of the following stimulus occurred after preceding stimulus onset only when the subjects perceived AV stimuli as simultaneous. Therefore, these results suggested that beta phase resetting occurred in areas that are related to the subsequent stimulus, supporting perception of multisensory stimuli as simultaneous.
